Abstract. Quantum Chromodynamics, the theory of strong interactions, predicts several types of bound states. Among them are mesons (qq) and baryons (qqq), which have been the only states observed in experiments for years. However, in the last decade, many states that do not fit this picture have been observed at B-factories (BaBar, Belle and CLEO), at τ -charm facilities (CLEO-c, BESIII) and also at proton-proton colliders (CDF, D0, LHCb, ATLAS, CMS). There is growing evidence that at least some of the new charmonium-and bottomonium-like states, the so-called XYZ mesons, are new forms of matter such as quark-gluon hybrids, mesonic molecules or different arrangements of tetraquarks, pentaquarks... Effective Field Theories (EFTs) have been constructed for heavy-quark-antiquark bound states, but a general study of the XYZ mesons within the same framework has not yet been done. The scope of this conference proceedings is to discuss the possibilities we have in developing novel EFTs that, characterizing the conventional quarkonium states, facilitate also the systematic and model-independent description of the new exotic matter, in particular, the hybrid mesons.
Introduction
One of the basic properties of Quantum Chromodynamics (QCD) is its spectrum: the list of particles that are stable or at least sufficiently long-lived to be observed as resonances. The elementary constituents in QCD are quarks (q), antiquarks (q), and gluons (g), and QCD requires that they be confined into color-singlet clusters called hadrons. The most stable hadrons are the clusters predicted by the quark model [1, 2] , mesons (qq) and baryons (qqq), which have been the only states observed in experiments for years [3] ).
A decade ago, the Belle Collaboration discovered an unexpected enhancement at 3872 MeV in the π + π − J/ψ invariant mass spectrum while studying the reaction B + → K + π + π − J/ψ [4] . The X(3872) state was later studied by CDF, D0, and BaBar collaborations confirming that its quantum numbers, mass and decay patterns make it an unlikely conventional charmonium candidate. Therefore, the simple picture that had been so successful for 30 years was challenged leading to an explosion of related experimental activity. The number of new collectively denoted XYZ states has increased dramatically. Almost two dozen charmonium-and bottomonium-like XYZ states have forced an end to the era when heavy quarkonium was considered as a relatively well established heavy quark-antiquark bound system (see, e.g., reviews [5, 6] for more details).
The ultimate goal of theory is to describe the properties of the XYZ states from QCD's first principles. However, since this task is quite challenging, a more modest goal to start with is the development of QCD motivated phenomenological models that specify the colored constituents, how they are clustered and the forces between them. For this reason, at the same time that many experimental measurements on XYZ physics were performed, theorists proposed different kind of exotic hadrons to classify them: 1) A Quarkonium hybrid, which has constituents QQg, where g is a constituent gluon. The QQ-pair is in a color-octet state because the color charge of a gluon is octet. 2) A Tetraquark, which consists on one heavy quark (Q), one heavy antiquark (Q), one light quark (q) and one light antiquark (q) whose different arrangements allowed by QCD give: 2.1) A meson molecule [7] , which consists of color-singlet (Qq) 1 and (Qq) 1 mesons bound by pseudoscalar-meson-exchange interactions. 2.2) A diquarkonium [8] , which consists of a color-antitriplet (Qq)3 diquark and a colortriplet (Qq) 3 anti-diquark bound by gluon exchanges. 2.3) A hadro-quarkonium [9] , which consists of a color-singlet (qq) 1 -pair bound through color van der Waals forces to a compact color-singlet (QQ) 1 -pair. [10] , which consists of two bounded color-octets, (QQ) 8 and (qq) 8 , with dynamics similar to that of hybrids. 2.5) A compact tetraquark [11] , in which the constituents do not form any distinguishable cluster but form as a whole a color singlet state: (QQqq) 1 . 3) A Pentaquark and so on, which are the various multiquark configurations allowed by QCD that one can imagine and have not been already cited.
2.4) A quarkonium adjoint meson or Born-Oppenheimer tetraquark
Thus far, the phenomenological descriptions specified above have produced compelling explanations for some of the XYZ states but not for all of them in an unified way. It would be desirable to have a single theoretical framework based firmly on QCD that describes all the XYZ mesons.
Nonrelativistic effective field theories for conventionals
Heavy quarkonium systems are characterized by their nonrelativistic nature, i.e. the heavy quark bound-state velocity, v, satisfies v ≪ 1. This is reasonably fulfilled in bottomonium (v 2 ∼ 0.1) and to a certain extent in charmonium (v 2 ∼ 0.3). Moreover, at least, three widely separated scales appear: the heavy quark mass m (hard scale), the relative momentum of the bound state p ∼ mv (soft scale) and the binding energy E ∼ mv 2 (ultrasoft scale). With v ≪ 1, the following hierarchy of scales
is satisfied and this allows for a description in terms of EFTs of physical processes taking place at one of the lower scales. The integration out of modes associated with high-energy scales is performed as part of a matching procedure that enforces the equivalence between QCD and the EFT at a given order of the expansion in v. The final result is a factorization at the Lagrangian level between the high-energy modes, which are encoded in the matching coefficients, and the low-energy contributions carried by the dynamical degrees of freedom.
Physics at the scale m: NRQCD
The suitable EFT to describe heavy quarkonium annihilation and production, which take place at the scale m, is Nonrelativistic QCD (NRQCD) [12, 13] . It follows from QCD by integrating out the high energy modes of order m. As a consequence, the effective Lagrangian is organized as an expansion in 1/m and α s (m):
where c n are the Wilson coefficients that encode the contributions from the scale m, µ is the NRQCD factorization scale, and O n are the low-energy operators constructed out of two or four heavy-quark/antiquark fields plus gluons. The matrix elements of O n depend on the scales µ, mv, mv 2 and Λ QCD . Thus, the operators are counted in powers of v. The imaginary part of the coefficients of the four-fermion operators contains the information on heavy quarkonium annihilation and production. The NRQCD heavy quarkonium Fock state is given by a series of terms, where the leading term is a QQ in a color-singlet state, and the first correction, suppressed in v, comes from a QQ in an octet state plus a gluon. Higher-order terms are subleading in increasing powers of v.
Physics at the scale mv: pNRQCD
The suitable EFT to describe heavy quarkonium formation, which takes place at the scale mv, is potential NRQCD (pNRQCD) [14, 15] . It follows from NRQCD by integrating out the modes of order mv ∼ 1/r. The specific construction details of pNRQCD are slightly different depending upon the relative size between the soft, mv, and the confinement, Λ QCD , scales. Two main situations are distinguished. When mv ≫ Λ QCD , we speak about weakly-coupled pNRQCD because the matching of NRQCD to pNRQCD may be performed in perturbation theory. When mv ∼ Λ QCD , we speak about strongly-coupled pNRQCD because the matching of NRQCD to pNRQCD is not possible in perturbation theory.
When the soft scale is perturbative, the effective pNRQCD Lagrangian is organized as an expansion in 1/m and α s (m), inherited from NRQCD, but also as a multipole expansion in r:
where O k are the operators of pNRQCD that depend on the scales µ ′ , mv 2 and Λ QCD ; the pNRQCD factorization scale is µ ′ , and V n,k are the Wilson coefficients that encode the contributions from the scale r.
The degrees of freedom that make up the operators O k are QQ-pairs in a color-singlet or a color-octet state, and ultrasoft gluons. As one can see in Eq. (3), the Wilson coefficients V n,k depend on the relative distance r between the quark and the antiquark. They are potentiallike terms when k = 0 and are the 1/m n potentials that enter in a Schrödinger-type equation. Non-potential interactions, V n,k =0 , account for singlet to octet transitions via ultrasoft gluons and provide loop corrections to the leading potential picture. They are typically related to nonperturbative effects.
Non-relativistic effective field theories for exotics
The above EFTs have proven to be very successful for the description of conventional heavy quarkonium states which are below the open-flavour threshold (DD (BB) in the charmonium (bottomonium) sector). However, no EFT description has yet been constructed for those states which are close to or above threshold because the dynamical situation changes drastically [16, 17] .
The threshold regions are actually the most interesting ones because many of the charmoniumand bottomonium-like XYZ states are located in such regions. Ab-initio lattice-regularized QCD computations are also in trouble when dealing with threshold regions. Moreover, calculations of excited states using this technique have been only recently pioneered and the full treatment of bottomonium on the lattice seems to be tricky. This all together explains why many of our expectations for the XYZ states still rely on phenomenological models.
Below we examine how things change when studying one particular case of the XYZ particles: the quark-gluon hybrids, and elucidate the future steps to be done towards an EFT description of them. It is important to keep in mind that the XYZ states belong to heavy quark sectors and thus the heavy quark mass is still an appropriate parameter from which begin a nonrelativistic expansion.
An example: hybrid states
Consider the case in which a system is made by a heavy quark, a heavy antiquark and gluonic excitations aiming to describe heavy quarkonium hybrids. In the static limit, at and above the Λ QCD threshold, a tower of hybrid static energies (i.e. of gluonic excitations) must be considered on top of the QQ static singlet energy [18, 19] . The spectrum has been thoroughly studied in lattice NRQCD [20] through the logarithm of large time generalized static Wilson loops divided by the interaction time:
where the NRQCD initial and final states can be constructed as follows |X n = χ(x 2 )φ(x 2 , R)T a P a n (R)φ(R, x 1 )ψ † (x 1 )|vac .
with φ(x 2 , x 1 ) a Wilson line from x 1 to x 2 , and P n is some gluonic operator that generates the desired quantum numbers n to calculate the static energy. A list of possible operators P n can be found, e.g., in Refs. [15, 21] . Berwein et al., based on Refs. [15, 21, 22, 23] , have set in Ref. [24] the first steps towards a pNRQCD characterization of the gluonic energies and thus of the hybrid potential. The matching between NRQCD and pNRQCD allows to establish that the spectrum of the hybrid static energies is described at short distances and in the leading multipole expansion of pNRQCD by the octet potential plus a mass scale called gluelump mass:
